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Abstract
Super-Kamiokande observes low energy electrons induced by the elastic scattering of 8B solar neutrinos. The transition
region between vacuum and matter oscillations, with neutrino energy near 3 MeV, is still partially unexplored by any
detector. Super-Kamiokande can study this intermediate regime adding a new software trigger. The Wide-band Intelli-
gent Trigger (WIT) has been developed to simultaneously trigger and reconstruct very low energy electrons (above 2.49
kinetic MeV) with an eﬃciency close to 100%. The WIT system, comprising 256-Hyperthreaded CPU cores and one
10-Gigabit Ethernet network switch, has been recently installed and integrated in the online DAQ system of SK and the
complete system is currently in an advanced status of online data testing.
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1. Introduction
The solar neutrino ﬂavor conversion from electron neutrinos to either muon or tau neutrinos has been
clearly observed by solar neutrino ﬂux measurements from Super-Kamiokande (SK) [1] and the Sudbury
Neutrino Observatory (SNO) [2]. However, while this solar neutrino ﬂavor conversion is well described
by neutrino oscillations, there is still no unequivocal evidence that neutrino oscillations are the driving
mechanism of such ﬂavor conversion.
Two types of unique signatures can be used to test neutrino oscillations, the ﬁrst being the eﬀect of the
terrestrial matter density on solar neutrino oscillations; and the second being the observation and precision
test of the Mikheyev-Smirnov-Wolfenstein (MSW) resonance curve [3]. The eﬀect of the terrestrial matter
density on solar neutrino oscillations is tested directly by comparing solar neutrinos which pass through the
Earth at nighttime to those which do not during the daytime. Those neutrinos which pass through the Earth
will generally have an enhanced electron neutrino content, leading to an increase in the nighttime electron
elastic scattering rate (or any charged-current interaction rate), and hence a negative day/night asymmetry.
Super-Kamiokande recently found the ﬁrst direct indication for matter enhanced neutrino oscillations [4].
Based on oscillation parameters extracted from solar neutrino and reactor anti-neutrino measurements,
there is an expected characteristic energy dependence of the ﬂavor conversion. The higher energy solar
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Fig. 1. Expected MSW survival probabilities [5]. Green is that expected assuming oscillation parameters from the SK best-ﬁt; dark-
cyan from the global solar neutrino best-ﬁt; and blue from the solar plus KamLAND best ﬁt. The 1σ red band for the 8B solar neutrino
shows the combined data of SK and SNO. Also shown are measurements of the 7Be (green point), pep (aquamarine point) and 8B ﬂux
(dark red point) by Borexino [6], as well as pp (blue point) and CNO values (gold metallic point) extracted from other experiments [7].
neutrinos, such as 8B and hep neutrinos, undergo complete resonant conversion within the Sun, while lower
energy solar neutrino, such as pp, 7Be, pep, CNO and the lowest energy 8B neutrinos, only suﬀer from
vacuum oscillations. These vacuum oscillations are averaged due to energy resolution, leading to an average
survival probability which must exceed 50%. Resonant conversion of the higher energy solar neutrinos are
not limited by this, with current observed survival probability of about 30% (see Fig. 1). The transition
between the vacuum-dominated oscillations and the matter-dominated oscillations within the Sun should
occur near three MeV. This makes 8B neutrinos the best choice when looking for a transition point within
the energy spectrum. The current SK spectrum analysis is consistent with the “upturn” predicted by the
MSW resonance curve, when going from high to low neutrino energy. However, SK cannot currently extract
a solar neutrino signal at recoil electron kinetic energies below 3.49 MeV.
2. Super-Kamiokande Wide-band Intelligent Trigger (WIT)
Super-Kamiokande is a cylindrical water Cherenkov detector for neutrino physics and proton-decay
search, located underground at a depth of 1000 m in Kamioka, Gifu, Japan. The detector consists of a
stainless steel tank containing 50,000 tons of ultrapure water, optically separated into a 32.5 kton cylindrical
inner detector surrounded by a 2 meter active veto outer detector. The structure dividing the detector regions
houses an inward-facing array of 11,129 20-inch photo-multiplier tubes (PMTs) and an outward-facing array
of 1,885 8-inch PMTs.
The so-called fourth phase of SK started in late 2008 when all electronics and data acquisition (DAQ)
components were replaced [8]. The new boards allow the readout of every single PMT signal every 17 μs.
Data acquisition computers, so-called ‘Merger PCs’, combine 1,344 consecutive data reads (about 23 ms of
data) in one data-block. These data-blocks are then sent to the ‘Software Trigger’ computers, including the
Wide-band Intelligent Trigger (WIT) computers.
The software triggers used so far in the SK-IV phase emulate the hardware triggers of previous phases of
detector operation. Thus, the computing and storage capacity of the DAQ system is exhausted at an energy
threshold quite similar to that of previous phases. The current SK-IV threshold for super low energy (SLE)
electrons is set at 3.49 MeV recoil electron kinetic energy. However, although the triggering eﬃciency for
those SLE events is better than 99% at 3.99 MeV, between 3.49 and 3.99 MeV is around 84%.
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Fig. 2. Super-Kamiokande Data Acquisition System. An internal clock in the Front-End electronics enables the readout all PMT
hits in a 17 μs window. Data acquisition computers, ‘Merger PCs’, combine 1,344 consecutive data reads (about 23 ms of data) in a
data-block to be sent to the ‘Software (SW) Trigger’ computers, and to the ‘SN Data Recorder’. This buﬀer machine, which watches
for a supernova neutrino burst and then saves all data associated with it, transmits the raw data stream to the WIT computers in real
time. All reconstructed events, from the ‘SW Trigger PCs’ via the ‘Organizer PC’, or directly in the ‘WIT PCs’ are time sorted and
then sent to disk for temporary storage before oﬄine selection reduction and analysis.
SK’s energy threshold limit of stable and reliable event reconstruction is set at about 2.5 MeV. To lower
the 8B solar neutrino detection threshold, WIT implements new software algorithms that culminate in a
two-stage vertex reconstruction [9]. These reconstruction algorithms run in real time, simultaneously to the
trigger, independently evaluating each data-block (of 23 ms) in a massive parallel fashion. All reconstructed
events in the ﬁducial volume, farther than two meters from the inner detector walls, are then time sorted
and temporarily stored on disk for oﬄine selection reduction and analysis. A scheme of the new SK data
acquisition system that includes the WIT system is shown in Fig. 2.
3. Lowering the Energy Threshold
Below about 100 MeV most PMTs that observe a signal are hit by only one photon. For such PMT hits,
the resolution of the hit arrival time is about 3 ns. Due to the large size of SK, it takes Cherenkov photons up
to 220 ns to traverse the detector, and the relative PMT hit times can be used to reconstruct the point of origin
(event vertex) of the light. Once the vertex is reconstructed, the time-of-ﬂight subtracted hit times improve
the signal to noise ratio. The signal can be recognized over the background by selecting PMT hits that are
coincident within roughly 5 ns. After the time-of-ﬂight subtraction, the dark noise hits are random. The
electron’s or positron’s direction is reconstructed from the direction of the characteristic 42◦ opening angle
Cherenkov cone, and the energy of the event is determined using the observed Cherenkov light intensity.
This event reconstruction works very well above about 10 MeV, since there are many more Cherenkov
photon hits (about 60) than hits due to dark noise (about 12 within 220 ns). However, near and below 5MeV,
sophisticated vertex reconstruction programs are needed, since there are only about 25 to 30 Cherenkov hits.
Furthermore, the rate of radioactive background hits rises sharply by approximately an order of magnitude
for each MeV by which the threshold is reduced. Fortuitously though, most of this background comes from
the PMTs themselves, the PMT glass and the ﬁberglass backing the PMT enclosures, making the vertex
positions for background events strongly clustered at the walls of detector. Thus, background can be simply
rejected by eliminating reconstructed vertices closer than two meters to the inner detector walls (equivalent
to the nominal 22.5 kton ﬁducial volume). To make sure to reject only background events, a triggering
eﬃciency close to 100% and a ﬁne resolution for vertex reconstruction are required at all solar neutrino
energies.
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4. WIT Hardware System
TheWIT hardware system has been designed to provide suﬃcient computer power to completely process
all of the data in the un-triggered, raw stream and extract super low energy electrons with eﬃciency close to
100% down to a recoil electron kinetic energy of about 2.5 MeV. And to do so in real time.
Data arrives to the WIT system from a “buﬀer” machine (see Fig. 2), which watches for a supernova
neutrino burst and then saves all data associated with it. This ‘SN Data Recorder’ buﬀer machine continu-
ously transmits data-blocks of 23 ms, consisting of 1,344 consecutive data reads of 17 μs each. This makes
up for a data rate of roughly 4 Gbps (Gigabit per second). The un-triggered data-blocks need therefore to
be transmitted via 10-Gigabit Ethernet (Gbe) cables and to be redistributed to the WIT computers through a
10-Gbe network switch, HP J9265A ProCurve 6600-24XG Switch.
Each of the eight Linux-based computers, that comprise the whole WIT hardware system, have two 8-
core/16-Hyperthreaded CPU cores (Intel Xeon E5-2680) operating at 2.7 GHz, and 64 GB of DDRIII high
speed system memory, for a total of 256-Hyperthreaded CPU cores and 512 GB of RAM.
Seven WIT computers take care of receiving, triggering, and reconstructing the raw data-blocks. They
then send the reconstructed events to the eighth WIT computer. This machine sorts the reconstructed events
by time which were time scrambled during the distribution from the ‘Merger PCs’ to the ‘SN Data Recorder’
to the sevenWIT computers. After this time sorting, the data rate is signiﬁcantly reduced (at about 0.2 Gbps)
so that the eighth WIT computer can transmit the reconstructed and time sorted event to the oﬄine disk via
a traditional 1-Gbe network. The online reconstructed data is ﬁnally temporarily stored on this oﬄine disk
before oﬄine selection reduction and analysis.
5. WIT Event Selection and Reconstruction
The time and charge of each PMT hit is determined by Time-to-Digital Converter (TDC) and Analogue-
to-Digital Converter (ADC) counts every 23 ms in a so-called data-block. Since SK observes about six
Cherenkov light PMT hits per MeV, the Pre-Trigger selects hits in a 220 ns window requiring a coincidence
signal of 11 hits (roughly 2 MeV) above the dark noise level (usually 12 hits) to eliminate isolated PMT
hits. This procedure reduces the background by roughly 70%.
The second ﬁlter, STORE (Software Triggered Online Reconstruction of Events), selects those PMT
hits from the 220 ns search window that might be due to light originating from a single vertex. This is
possible because electrons below 20 MeV can travel only a few centimeters in water, and therefore their
Cherenkov light is approximately a point source. Consequently, the reconstruction of this single vertex
relies solely on the relative timing of the hits.
A necessary (although not suﬃcient) condition is that any given pair of PMT hits must show a time
coincidence at least as tight or tighter than the speed-of-light separation of the two photo-multiplier tubes
in question. The list of selected hit PMTs is constructed using these pair correlations. From this list, four-
hit combinations are drawn. STORE attempts to use the four arrival times of each four-hit combination to
calculate the vertex position that would explain all four hit times given the PMT positions, i.e. the time
residuals of all four hits in each combination must be zero at its associated point. All candidate vertices
that are inside the Super-Kamiokande ﬁducial volume (two meters inward from any PMT) are then checked
against all members of the list of selected photo-multiplier tubes. The ﬁducial vertices with an insuﬃcient
level of coincidence are ﬁltered out. This simple but eﬀective procedure consistently improves speed perfor-
mances by discarding those events at a preliminary stage instead of at the end of the reconstruction method.
It also reduces the remaining background from the Pre-Trigger by roughly another 30%.
A fast vertex ﬁt called Clusﬁt [1] is then applied to all hits selected by STORE. Clusﬁt pre-ﬁlters super
low energy events, eliminating isolated hits to reduce the eﬀects of dark noise and reﬂected or scattered light.
If the Clusﬁt reconstructed vertex is inside the ﬁducial volume, a slow ﬁt (Branch Optimization Navigating
Successive Annealing Iterations: BONSAI) is performed on all PMT hits in (or near) the 220 ns search
window. BONSAI performs a maximum likelihood ﬁt to the timing residuals of the Cherenkov signal as
well as the background for each vertex hypothesis. The hypothesis with the largest likelihood is chosen as
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the reconstructed vertex. If the reconstructed vertex is still inside the ﬁducial volume, an event is formed
and stored.
This procedure has some technical diﬃculties due to the accidental coincidence of background hits after
the time-of-ﬂight subtraction that can produce local likelihood maxima at several positions that are far away
from the global maximum, i.e. the true vertex. Due to the large size of SK, the search for the true global
maximum can be tricky and time consuming. However, the ﬁtting starts from the list of positions from the
four-hit combinations evaluated by STORE, speeding up the maximization of the reconstruction algorithms
and the background rejection. At the same time, the risk of occasional mis-reconstructions is also lessoned.
Consequently, this two-step reconstruction procedure reduces not only the processing time but also the
ﬁnal data size, allowing a reduction factor of 20, equivalent to about 1.8 TB/day. It must be noted that
this apparently huge amount of data will be stored only temporarily before the oﬄine event selection and
analysis. The current permanent SK storage capability for super low energy events is about 100 GB/day.
6. Triggering Eﬃciency
The eﬃciency of the trigger is evaluated using data from a Ni–Cf light source, commonly used to cal-
ibrate the SK detector. A detailed description of this light source is given in [10, 11]. In this study, the
Ni–Cf source is positioned at (35.3, -70.7, 0) cm with respect to the center of the detector. A background
subtraction has been applied simply using data without a source in the detector.
The eﬃciency ε is deﬁned as the fraction of events in the source data (Ns) minus the events in the
no-source data (Nb) which passes the STORE selection criterion:
ε =
Nscut − f Nbcut
Ns − f Nb
The factor f = ts/tb takes into account the renormalization according to the diﬀerent livetimes of the
source and the background samples.
Fig. 3 compares the WIT triggering eﬃciency to the current SK triggering eﬃciency. The WIT Pre-
Trigger selects events with at least 11 hits above the dark noise level, for a total of at least 23 hits in a 220 ns
window. If the level of coincidence of the vertices pre-reconstructed by STORE is larger than 6.6, i.e. 60%
of the eleven hits above the dark noise, then the events survive the STORE selection criterion. Since Clusﬁt
and BONSAI are reconstruction algorithms, they are not displayed in the WIT trigger eﬃciency in order to
have a fair comparison to the SLE trigger currently used in SK, which does not include any reconstruction.
The selection criterion of the current SK trigger requires at least 34 hits in a 200 ns window.
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Fig. 3. Eﬃciency of the WIT trigger (black point) with respect to the current super low energy trigger (gray point) as a function of the
reconstructed energy. The error bars are included in the marker size.
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Fig. 4. WIT vertex positions of reconstructed recoil electrons in the kinetic energy range between 2.49 and 3.49 MeV, when a Ni–Cf
source is placed inside the SK detector. The red vertical line shows the position of the Ni–Cf source.
This study with the Ni–Cf source proved that also in the lowest energy bin, between 2.49 and 2.99 kinetic
MeV, the WIT triggering eﬃciency is (98.2 ± 0.5)%.
7. Vertex Position Reconstruction and Vertex Resolution
The resolution of the reconstruction algorithms has also been evaluated using data from the Ni–Cf light
source positioned at (35.3, -70.7, 0) cm with respect to the center of the detector.
Fig. 4 shows the vertex positions of recoil electrons as reconstructed by WIT, in the kinetic energy range
between 2.49 and 3.49 MeV. As we did for the trigger eﬃciency, a background subtraction has been applied
simply using data without a source in the detector and re-normalizing the two data samples according to
their respective livetimes. However, in this case the two lowest energy bins have been considered together to
increase statistics. The Ni–Cf source position is shown as a vertical red line in each of the three distributions
of Fig. 4. The mean of the reconstructed vertex position distribution is within a couple of centimeters from
the position of the Ni–Cf source. The one-dimensional vertex resolution is about 75 cm, calculated as one
standard deviation of the respective ﬁtting gaussian distribution.
The (three-dimensional) vertex resolution is deﬁned as the distance from the Ni–Cf source position
containing 68.3% of all reconstructed vertices. TheWIT vertex resolution as a function of the recoil electron
kinetic energy is shown in Fig. 5. For electrons with kinetic energy between 2.49 and 3.49 MeV the vertex
resolution is (187 ± 7) cm, corresponding to roughly 4% of the transverse detector size.
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Fig. 5. WIT vertex resolution as a function of the recoil electron kinetic energy.
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8. Further WIT Capabilities
With the WIT system in operation entirely new opportunities open up. For example, WIT could monitor
the Radon background (and therefore the driving convection currents) with hour-scale resolution in order
to improve background reduction. Controlling the convection currents that transport Radon deep inside the
detector will reduce SK background due to the decay of Radon daughters.
The WIT system could also easily be used to double as a galactic supernova burst trigger. Since all
events will be reconstructed in real time, simple algorithms testing the spatial uniformity of bursts could
identify galactic supernovae within milliseconds of their neutrinos arrival.
In addition, in case a neutron capture tag (such as Gd ions) is available, a lower energy threshold will
allow SK to observe few diﬀuse supernova neutrino background events per year, due to the high eﬃciency
in background reduction.
Finally, if Japan will turn back on its nuclear power reactors, their anti-neutrino spectrum will be col-
lected at a rate of several thousand events per year, allowing the most stringent limits to be placed on solar
neutrino oscillation parameters [12].
9. Conclusion
With the introduction of new electronics in late 2008, Super-Kamiokande can read out every single
PMT signal using a software trigger rather than a hardware trigger. A new trigger system, the Wideband
Intelligent Trigger (WIT), has been installed and integrated in the online data acquisition system of SK and
it currently is under extensive data testing.
WIT is a trigger with eﬃciency close to 100%, that simultaneously reconstructs super low energy elec-
trons down to the limit of stable and reliable SK event reconstruction at 2.49 kinetic MeV. The triggering
and the reconstruction performed by WIT are both in real time.
Lowering the energy threshold, WIT will increase SK’s sensitivity to the spectral distortion of solar neu-
trinos expected from Large Mixing Angle MSW oscillations in an energy region that has not been explored
by any previous or current experiment. An observation and a precise measurement of the expected “upturn”
in the resonance curve would provide further evidence that neutrino oscillations are the driving mechanism
of solar neutrino ﬂavor conversion.
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